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Abstract
We combine recent progress in seismic tomography and numerical modeling of thermo-
chemical convection to infer robust features on mantle structure and dynamics. First, we
separate the observed density anomalies into their thermal and compositional contribu-
tions. The tomographic maps of thermo-chemical variations were computed using a new
approach that combines a careful equation of state modeling of the lower mantle, indepen-
dent constraints on density from probabilistic tomography, and a full statistical treatment
for uncertainties analyses. We then test models of thermo-chemical convection against
these density components. We compute synthetic anomalies of thermal and compositional
density from models of thermo-chemical convection calculated with the anelastic approxi-
mation. These synthetic distributions are filtered to make meaningful comparisons with the
observed density anomalies. Our comparisons suggest that a stable layer (i.e., that no domes
or piles are generated from it) of dense material with buoyancy ratio B ≥ 0.3 is unlikely to
be present at the bottom of the mantle. Models of piles entrained upwards from a dense, but
unstable layer with buoyancy ratio B∼ 0.2, explain the observation significantly better, but
discrepancies remain at the top of the lower mantle. These discrepancies could be linked
to the deflection of slabs around 1000 km, or to the phase transformation at 670 km, not
included yet in the thermo-chemical calculations.
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1 INTRODUCTION
Inferring the thermo-chemical structure of the mantle is a key problem in geophysics.
Both thermal and chemical sources contribute to lateral variations in density, and
the mode of mantle convection strongly depends on the relative strength of these
two sources. It is the goal of seismology to map and quantify these contributions.
Although seismic data represent our most detailed information on Earth structure,
their interpretation raises difficulties that are often underestimated (Trampert and van
der Hilst, 2005). For instance, the low shear-wave velocity structures in the deep
mantle observed beneath Africa and the Pacific in many tomographic models (e.g.,
Su and Dziewonski, 1997; Vasco and Johnson, 1998; Masters et al., 2000) are usu-
ally referred to as “superplumes” and interpreted as hotter than average, and hence
buoyant material (Forte and Mitrovica, 2001; Romanowicz and Gung, 2002). This
interpretation implicitly assumes that shear-wave velocity anomalies are a reason-
able proxy for temperature and density. It has been argued that in the uppermost
mantle compositional effects do not strongly influence seismic velocity (Goes et al.,
2000). In the lowermantle, however, pressure effects reduce the influence of tempera-
ture, and compositional effects may dominate seismic velocity anomalies (Anderson,
2001). Moreover, we should not forget that even if chemical anomalies do not signif-
icantly contribute to seismic velocity anomalies, they may still contribute to density
anomalies, which are the important parameters in terms of dynamics.
Lateral variations of temperature and composition play a key role in linking
geophysical observations and geodynamics. In recent years, mounting evidence sug-
gested that chemical variations are present in the lowermantle (Ishii andTromp, 1999;
Kellogg et al., 1999; Forte and Mitrovica, 2001; Karato and Karki, 2001; Saltzer
et al., 2001; Deschamps and Trampert, 2003), but difficulties remain to quantify
thermo-chemical variations from seismology, and to relate them to thermo-chemical
convection. Unless independent constraints on mass density are available, the distri-
butions of temperature and composition inferred from tomographic models are not
robust (Deschamps and Trampert, 2003).
Recent progresses shed new light on the link between seismology andgeodynamics.
Probabilistic tomography (Resovsky and Trampert, 2003) estimated independent and
robust constraints on the lateral variations of density and seismic velocities, which
can be converted into thermo-chemical variations (Trampert et al., 2004). Models
of thermo-chemical convection that include the anelastic (e.g., Tackley, 1998) or
extended Boussinesq (e.g., Schott and Yuen, 2004) approximation predict more real-
istic density contrasts. In this chapter, we investigate the geodynamical consequences
of these improvements.
2 DENSITY ANOMALIES FROM THERMO-CHEMICAL CONVECTION
A variety of experimental (Olson and Kincaid, 1991; Davaille, 1999) and numerical
(Hansen and Yuen, 1988; Christensen and Hofmann, 1994; Kellogg et al., 1999;
Tackley, 1998, 2002; Schott and Yuen, 2004) models of thermo-chemical convection
Thermo-chemical structure of the lower mantle 295
have been developed, showing strong stratification or a more complex structure,
depending on the fluid properties and on the buoyancy ratio. A major improvement
was to perform calculations that account for fluid compressibility, either using the
anelastic (Tackley, 1998), or extended Boussinesq (Schott and Yuen, 2004) approx-
imation. In these approximations, some dissipation is present, and thermo-chemical
properties are allowed to vary with depth through the prescription of a reference
model. The decrease of thermal expansionwith depth, which iswell documented from
mineral physics data (e.g.,Anderson, 1995), is particularly important because it weak-
ens the thermal buoyancy in the lowermost mantle.As a result, chemical stratification
and the development of thermo-chemical domes require a smaller buoyancy ratio
than in the classical Boussinesq approximation. The mode of convection is therefore
controlled by several keyparameters, including the buoyancy ratio, the thermal expan-
sion, and the initial composition. Each convection regime predicts a distribution of
temperature and composition that we want to test against seismological observations.
In this section, we show how to compute the density variations due to the variations
of temperature and composition predicted by several models of thermo-chemical
convection (Tackley, 2002).
Details of the numerical modeling are described in Tackley (1998, 2002). The
equations of conservation of mass, energy and momentum are solved for an anelastic,
compressible fluid with infinite Prandlt number. Calculations are made in a 3-D
Cartesian box of dimensions 4 × 4 × 1. The fluid is cooled on the top, and heated
both from below and from within. The top and bottom boundaries are isothermal,
but some cases with zero heat flow at each point (i.e., no bottom heating) have also
been considered. The viscosity depends on depth and composition. The viscosity
increases smoothly by a factor of 10 across the fluid layer, and an additional viscosity
jump equal to 30 is imposed at z = 660 km. The dense material is less viscous
than the light material by a factor of 100. Calculations involve a depth-dependent
reference thermodynamic model (Tackley, 1998), including temperature, density,
thermal expansion, and thermal conductivity. The chemical field is represented using
10 million tracer particles dispatched everywhere in the box. Two types of particles
are considered, one for regular material, and one for dense material. The fraction of
dense particlesC in each cell varies betweenC = 0when the cell is filled with regular
material only, and C = 1 when the cell is filled with particles of dense material only.
The chemical density contrast ρmaxc between dense and regular material is acting
against the thermal buoyancy due to the thermal density contrast across the fluid
layer ρmaxT = αsρsTs, where αs and ρs are the thermal expansion and density at
zero pressure, andTs the superadiabatic temperature difference between the top and
the bottom of the layer. The relative strength of chemical and thermal buoyancies is






which is used to define the chemical Rayleigh number.
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The density at temperature T and regular material (C = 0) can be computed using
the depth-dependent reference state (temperature Tref and thermal expansion αref ),
ρT = ρref [1 − αref (T − Tref )]. (2)
The density at temperature Tref and fraction of dense material C can be expressed as
a function of the buoyancy ratio (Eq. 1),
ρc = ρs[1 + BCαsT ]. (3)
If T and C are the average temperature and the average fraction of dense particles at
a given depth, the relative thermal and chemical density anomalies are
d ln ρT = − αref (T − T )[1 − αref (T − Tref )]
, (4)
and d ln ρc = − B(C − C)
(1 + BCαsT )
αsTs. (5)
We computed synthetic d ln ρT and d ln ρc for four numerical models with buoy-
ancy ratio equal to 0.2, 0.3 or 0.4 and percentage of dense material equal to 10% or
30% (Table 1). The bottom boundary is isothermal in all cases, except for B = 0.4,
X = 10%, in which the heat flow is put to zero everywhere on the boundary. Cal-
culations were initialized with a geotherm from similar 2-D calculations that have
reached a secular equilibrium. The models we tested are snapshots representative
of long-term evolution, and the dimensional evolution times are listed in Table 1.
Figure 1 shows isosurfaces of the fraction of dense particles and the non-dimensional
temperature, and Figure 2 shows T ,C, and the root mean square (RMS) of d ln ρT
and d ln ρc as a function of depth. For B = 0.3, X = 30%, a thick (∼ 500 km) stable
layer of dense and hot material sediments at the bottom of the fluid (Fig. 1, plots
i–l). The RMS of d ln ρT and d ln ρc (Fig. 2, green curves) indicate that this layer
is thermally and chemically homogeneous, and that most of the lateral variations of
temperature and composition are located between 1600 and 2400 km. In the case
B = 0.4, X = 10%, a stable layer is also present at the bottom of the fluid, but it
is much thinner and does not completely cover the bottom boundary (Fig. 1, plots
m–p). The Strongest lateral variations of thermal and chemical density are found
Table 1. Four models of thermo-chemical convectiona
B X (%) t (Gy) Bottom boundary condition Convective pattern
0.2 10 1.1 Isothermal Piles
0.3 10 6.0 Isothermal Discontinuous spokes
0.3 30 2.7 Isothermal Thick stable layer
0.4 10 4.2 Zero heat flux at each point Thin stable layer
a B is the buoyancy ratio, X the fraction of dense material and t the evolution time.
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(a) (c)
(d)(b)
B = 0.2; X = 10%
B = 0.3; X = 10%
(e) (g)
(f) (h)
Figure 1. Isosurfaces of non-dimensional temperature (red and blue) and fraction of dense particles (green)
for thermo-chemical convection models for various buoyancy ratios (B) and fractions of dense particles
(X ). Contour levels are T = 0.0375 (red), T = −0.0375 (blue), andC = 0.5 (green). The cases considered
are (a–d) B = 0.2 and X = 10%; (e–h) B = 0.3 and X = 10%; (i–l) B = 0.3 and X = 30% (green
curves); and (m–p) B = 0.4 and X = 10%.
between 2500 and 2750 km (Fig. 2, blue curves). For B = 0.3, X = 10%, the
fluid is organized in a discontinuous spoke pattern of dense and hot material (Fig. 1,
plots e–h). Strong lateral variations of density are present from z = 2400 km down
to the bottom of the fluid (Fig. 2, red curves). Note that the two previous cases
do not show significant lateral variations of composition for depths shallower than
2000 km. Finally, for B = 0.2, X = 10%, piles are generated in the deep mantle from
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a layer of dense material, and are entrained upwards (Fig. 1, plots a–d). Chemical
density anomalies are increasing progressively with depth, and drop dramatically
to zero in the last 100 km (Fig. 2, orange curve). Some significant variations of
density (thermal and chemical) are also observed in the upper half layer of the fluid.
It is interesting to note that only this case predicts chemical variations throughout the
fluid layer.
Thermo-chemical structure of the lower mantle 299
(a) (b)
(d)(c)
RMS(d ln rT) (%)


















































RMS(d ln rc) (%)
0.0 1.0 2.0
 B = 0.2,  X = 10%
 B = 0.3,  X = 10%
 B = 0.3,  X = 30%
 B = 0.4,  X = 10%
Figure 2. Profiles of (a) average temperature, (b) RMS of lateral variations of thermal density, (c) average
fraction of dense particles, and (d) RMS of lateral variations of chemical density, for each model of
thermo-chemical convection plotted in Figure 1. Orange curves are for B = 0.2 and X = 10%, red curves
for B = 0.3 and X = 10%, green curves for B = 0.3 and X = 30%, and blue curves for B = 0.4
and X = 10%.
3 PROBABILISTIC SEISMIC TOMOGRAPHY
Seismic velocities alone cannot resolve the interconnection between temperature and
composition. Independent constraints on density anomalies are needed to infer correct
variations of temperature and composition. Early constraints on density from normal
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Table 2. Statistics for tomographic observables and thermo-chemical parametersa
Layer d ln VS d ln VΦ d ln ρ dT dXpv dFe d ln ρT d ln ρc
(km) (%) (%) (%) (K) (%) (%) (%) (%)
670–1200 A 0.77 0.87 0.79 340 11.9 1.8 0.64 0.80
RMS(σ ) 0.16 0.34 0.26 180 5.5 0.75 0.38 0.34
1200–2000 A 0.77 0.57 0.70 311 8.3 1.2 0.41 0.45
RMS(σ ) 0.12 0.22 0.28 112 3.0 0.55 0.15 0.22
2000–2891 A 1.21 0.66 1.05 475 9.3 2.6 0.44 0.95
RMS(σ ) 0.12 0.26 0.48 198 3.6 0.86 0.19 0.37
a A is the maximum amplitude of the average model, and RMS(σ ) is the root mean square of the uncertainty.
modes were inferred by Ishii and Tromp (1999). More recent studies (Resovsky
and Trampert, 2003) have developed the technique of probabilistic seismic tomogra-
phy, which gives robust likelihoods for long wavelength models (spherical harmonic
degree 2, 4, and 6) bulk-sound speed, shear wave speed, density and boundary topog-
raphy in the mantle, from normal mode splitting and surface wave data. Probabilistic
tomography explores the model space using a neighborhood algorithm (Sambridge,
1999a, 1999b) and estimates the likelihood of points in the model space by testing
them against observables. The likelihoods of Resovsky and Trampert (2003), here-
after referred to as RT246g, are fully compatible with the observed gravity anomalies,
and can thus be seen as a compact representation of the available seismic and gravity
data. To a very good approximation, they can be represented as Gaussian distribu-
tions, and their standard deviation is remarkably stable within each layer. Figure 3
shows the mean of the distributions for d ln VS , d ln VΦ and d ln ρ in each layer, and
Table 2 lists the root mean square (RMS) of the uncertainties (defined as one stan-
dard deviation around the mean value). In the deepest layer (2000 ≤ z ≤ 2891),
there is a general agreement between the d ln VS , d ln VΦ of RT246g and those pre-
dicted by previous models (Su and Dziewonski, 1997; Vasco and Johnson, 1998;
Masters et al., 2000). Like previous studies, RT246g shows regions of low shear-
wave velocity beneath Africa and the Pacific. Assuming that d ln VS scales with
lateral variations of temperature, these regions are usually interpreted as “super-
plumes”. However, a quick look to the density anomalies of RT246g (Fig. 3i) clearly
shows that these features are denser than the surrounding mantle, and hence not
buoyant.
4 LINKING OBSERVABLES TO THERMO-CHEMICAL PARAMETERS
4.1 Sensitivities of density and seismic velocities
to temperature and composition
Density and thermo-elastic properties of a lower mantle aggregate depend on tem-
perature, pressure and composition. A careful modeling of these effects is essential to
correctly interpret seismological observations. The basic ingredients are the density
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and elastic parameters at ambient temperature and pressure, and a set of relations (the
equation of state, EOS) that extrapolate these ambient values at mantle temperature
and pressure. To calculate thermo-elastic properties at any depth and temperature,
we have built a parameterization that combines EOS modeling, experimental val-
ues of thermo-elastic parameters at ambient conditions, and existing ab initio data
calculations (Deschamps and Trampert, 2004). The latter are used to check the con-
sistency of high-temperature and high pressure extrapolations. We are thus able to
calculate velocities and density of a given mineralogical composition at mantle pres-
sures and temperatures. Several sources of uncertainties, mainly the error bars on
the ambient thermo-elastic parameters and the assumed potential temperature and
assemblage composition, contribute to uncertainties on the extrapolated thermo-
elastic parameters. The latter are obtained by varying thermo-elastic parameters
within their error bars, and average temperature and composition within reason-
able range. PREM is used as an additional constraint to reduce the uncertainty
range.
By repeating the calculations of elastic moduli and density at high-temperature
and high-pressure for slightly different values of temperature and composition, we
estimate the partial derivatives (or sensitivities) of density and seismic velocities
to temperature and several compositional parameters as a function of depth. The
sensitivities plotted in Figure 4 (used in Trampert et al., 2004) account for the most
recent corrections for iron (Kiefer et al., 2002; Kung et al., 2002). Compared to
previous work (Trampert et al., 2001; Deschamps and Trampert, 2003), sensitivities
of shear-wave velocities to composition are different, mainly due to the iron correction
for the pressure derivatives of the moduli of magnesio-wüstite (Kung et al., 2002),
not included in previous work.
Sensitivities of both shear and bulk sound velocities have similar properties (sign
and variation with depth): sensitivities to temperature are negative throughout the
mantle and increase with depth; sensitivities to perovskite are positive and decrease
with depth; and sensitivities to iron are negative and decrease with depth. A conse-
quence of this similarity is that seismic velocities alone cannot discriminate between
thermal and compositional effects. Sensitivities of density (Fig. 4c) are clearly dif-
ferent. The sensitivity to perovskite is negligible, whereas the sensitivity to iron is
positive throughout the mantle and increases with depth. Density therefore carries
essential information to separate thermal and compositional effects. Another impor-
tant feature in Figure 4c is that the sensitivity of density to temperature (i.e., the
thermal expansion of the aggregate) is decreasing in amplitude with depth. As a con-
sequence, for a fixed temperature anomaly, the strength of the thermal buoyancy is
also decreasing with depth.
4.2 Converting density and seismic velocities
Several thermo-chemical sources contribute to the observed anomalies of density
and seismic velocities. Knowing the sensitivities of density and seismic velocities

















































Figure 4. Sensitivities of seismic velocities and density to temperature (dashed areas), perovskite (dark
grey areas) and iron content (light grey areas) as a function of depth. Dashed and shaded areas cover
one standard deviation around the mean values. Mean and standard deviations are estimated from a
collection of possible models that fit PREM within 1%, and are generated by varying thermo-elastic
parameters within their error bars, and the average temperature and composition within reasonable ranges.
For plotting convenience, sensitivities to temperature are multiplied by 105, and sensitivities to perovskite
and iron by 10.
to these sources, one can reconstruct synthetic anomalies by adding possible con-
tributions, and compare them to the observed anomalies. A difficulty is to decide
which contributions are significant, and which are not. Lateral variations of temper-
ature (dT) are of course a major source. Partial melt is locally generating dramatic
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effects, but is limited in extension (Williams and Garnero, 1996) and has therefore
limited effects on the global tomography (Deschamps and Trampert, 2003). Com-
positional (or chemical) variations are a significant contribution, but they consist
in a variety of sources that must be treated independently. Since the mantle aggre-
gate consists in a silicate phase (perovskite) and magnesio-wüstite, it is natural to
consider the variations in silicate. In the remainder of the chapter, we refer to these
variations as variations in the volumetric fraction of perovskite dX pv. In the lower
mantle, iron is incorporated in both perovskite and magnesio-wüstite, and induces
strong changes in the properties of these minerals. Changes in the elastic moduli
(and their derivatives) are moderate for perovskite (Kiefer et al., 2002), but very
strong for magnesio-wüstite (Kung et al., 2002). In addition, the density of both
perovskite and magnesio-wüstite strongly increases with the iron fraction. Figure 4
clearly shows that the variations in the global volumetric fraction of iron dFe strongly
contribute to the anomalies of density and seismic velocity. At lower mantle pressure,
subducted oceanic crust results in material enriched in calcium compared to average
aggregate. If oceanic slabs reach the bottom of the mantle, the fraction of calcium
(XCa) may vary laterally. Calcium is incorporated in perovskite, and induces moder-
ate changes in the elastic properties and very small changes in density. Because in
our modeling we considered CaSiO3 as a pole of perovskite, the sensitivities shown
in Figure 4 implicitly account for variations in calcium. Practically, however, the
differences between these sensitivities and those obtained for XCa = 0 are not sig-
nificant. In addition, the sensitivities of density and seismic velocities to calcium are
one order of magnitude smaller than those for iron. For these reasons we neglected
the contribution of the variations in calcium to the relative anomalies of density
and seismic velocities. The fraction of aluminum in perovskite is also expected to
vary if subducted crust reaches the lower mantle. The effects of aluminum on the
thermo-elastic properties of perovskite are still debated. Jackson et al. (2004) reported
important modification in the shear modulus, but no agreement could be found for
the bulk modulus (Daniel et al., 2004; Jackson et al., 2004; Yagi et al., 2004). In
addition, there are presently no robust estimates for the pressure and temperature
derivatives of the elastic moduli. Because the real effects of aluminum are still uncer-
tain, we did not account for them, but potentially they can have a large influence.
At first order, it is therefore reasonable to parameterize compositional variations as a
function of the variations in perovskite and iron, and the relative anomalies of shear-
wave velocity (d ln VS), bulk sound velocity (d ln VΦ), and density (d ln ρ) can be
written
d ln VS = ∂ ln VS
∂T
dT + ∂ ln VS
∂Xpv
dXpv + ∂ ln VS
∂Fe
dFe,
d ln VΦ = ∂ ln VΦ
∂T
dT + ∂ ln VΦ
∂Xpv
dXpv + ∂ ln VΦ
∂Fe
dFe,
d ln ρ = ∂ ln ρ
∂T
dT + ∂ ln ρ
∂Xpv
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Alternatively, one can use the relative anomalies of compressional-wave velocity
(d ln VP) instead of d ln VΦ . Equations (6) are the basis for a thermo-chemical
interpretation of seismic observations. They can either be used by combining two
observables (seismic ratios), or be directly inverted for anomalies of temperature and
composition.
5 THERMO-CHEMICAL STRUCTURE: SEISMOLOGICAL
EVIDENCES
5.1 First hints from seismic ratios
Several tomographic models based on joint inversion of different seismic data now
provide independent constraints on shear and compressive (or bulk sound) velocity
anomalies (e.g., Su and Dziewonski, 1997; Kennett et al., 1998; Vasco and Jonhson,
1998; Masters et al., 2000). Seismic ratios combine this information to make a diag-
nostic of the origin of the observed velocity anomalies. The most commonly used is
the ratio of relative shear to compressional velocity anomalies,
RP ≡ d ln VS
d ln VP
. (7)
Since any scaling adT + adC will result in the same value of RP , no quanti-
tative information about the amplitude of the variations of temperature (dT) and
composition (dC) can be accessed. However, lateral variations of RP provide
clear qualitative evidence for compositional variations in the deep mantle (Master
et al., 2000; Saltzer et al., 2001). In a previous study (Deschamps and Trampert,
2003), we showed that a full statistical analysis of the histograms of block-by-
block values of RP provides useful information on the origin of seismic velocity
anomalies.
Figure 5 compares histograms predicted by the global model SB10L18 and syn-
thetic histograms computed for several origins of the velocity anomalies using
sensitivities from Figure 4. If only temperature variations contribute to the velocity
anomalies, the possible ranges of values of RP are obtained by varying the sensitiv-
ities of VS and VP to temperature within their error bars. The results (shaded areas)
clearly differ from the observed histograms (red curves), which show a strong dis-
persion at all depths. Accounting for reasonable errors in the tomographic model
(Beghein et al., 2002) increases the dispersion in the distribution of RP (blue curves),
but still do not explain the observed dispersion. The observed velocity anomalies
can thus not be purely thermal in origin. We also computed distributions of RP
for pure compositional effects, including errors in the tomographic models. For
perovskite (green curves), the distributions of RP have a similar dispersion than
for temperature, but peak at smaller values. For iron (orange curves) they are
slightly more dispersed than for temperature, and peak at similar values, suggest-
ing that RP cannot discriminate between temperature and iron variations, hence the
need for density information. None of the compositional effects alone can explain


















































dT+∆(d ln V ) 
dX
pv
+∆(d ln V )
dFe+∆(d ln V )
–4.0 –2.0 4.02.00.0
RP
Figure 5. Seismic ratios RP = d ln VS/d ln VP in the lower mantle. Red curves are block-by-block his-
tograms predicted bySB10L18 (Masters et al., 2000). Dashed areas cover one standard deviation around the
mean value obtained for velocity anomalies of a purely thermal origin. Blue curves are obtained by adding
simulated errors (d ln V ) in the tomographic model to the thermal contribution. Simulated errors have a
Gaussian distribution with standard deviation obtained bymultiplying the RMS of SB10L18 by the relative
error from Beghein et al. (2002). From top to bottom, (d ln VS ) is equal to 2.66 × 10−3, 1.66 × 10−3,
1.93 × 10−3, and 5.84 × 10−3, and (d ln VP) is equal to 1.83 × 10−3, 2.57 × 10−3, 1.26 × 10−3, and
3.12 × 10−3. Green and orange curves are obtained by adding simulated errors (d ln V ) to the velocity
anomalies due to pure perovskite and pure iron variations, respectively.
the observed histograms, but a combination of thermal and compositional effects
might.
Ideally, onewould like to vary dT, dX pv and dFewithin reasonable ranges, compute
associated histograms, and compare them with the observed histograms to decide on
bounds for dT, dX pv and dFe that fit the observations best. As noted above, however,
combinations of dT, dX pv and dFe that differ by a multiplicative factor give the
same value of RP . While the full histograms of seismic ratios are a good indicator of
chemical heterogeneities, a quantitative estimate remains impossible.
5.2 Deterministic inversions of probabilistic seismic tomography
Deterministic inversions of shear-wave and compressional-wave (or bulk-sound)
velocity have reported lateral variations of composition in the deep mantle (Forte
and Mitrovica, 2001; Deschamps and Trampert, 2003), but a close inspection of
the possible sources of uncertainties (including the uncertainties in the sensitivities
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and reasonable uncertainties in the tomographic model) revealed that these varia-
tions are not robust (Deschamps and Trampert, 2003) because of a lack of density
information.
In a previous paper (Trampert et al., 2004), we inverted the density and seismic
velocity anomalies of RT246g for lateral variations of temperature, perovskite and
iron. Since seismic observable and sensitivities are probability density functions,
we performed a search that returned likelihoods for anomalies of temperature and
composition. Assuming the likelihoods to be Gaussian, they can be represented by
a mean and a standard deviation. The error bars on temperature and composition
account for errors in the data and in the sensitivities. The latter, however, contribute
for less than 10% to the total uncertainties, which are dominated by data errors. The
resulting uncertainties are remarkably uniform within each layer (RMS uncertainties
are listed in Table 2).
Figure 6 shows the mean of the lateral variations in dT,dX pv and dFe in each
layer. Note that, in the deepest layer, the strongest excess in perovskite and iron
are found beneath Africa and the Pacific. In the top and mid mantle, ampli-
tudes of temperature and composition anomalies are globally smaller (Table 2).
A notable exception are the anomalies of perovskite in the top layer (670 ≤ z ≤
1200 km), which vary between −8.5% and 11.9% (Fig. 6d). A comparison between
Figure 3 and Figure 6 do not show striking similarities between the distribu-
tions of d ln VS and dT. The correlations between d ln VS and dT (Table 3) are
clearly too low to obtain temperature variations from d ln VS scaling. Further
comparisons (Table 3) suggest that d ln VΦ is an excellent proxy for perovskite vari-
ations independent of depth, and that d ln ρ maps iron variations very well below
z = 1200 km.
A striking result is that low velocities in the deep mantle beneath Africa and the
Pacific are due to an enrichment in perovskite and iron, which makes them denser
than the surrounding mantle. Because sensitivities of shear-wave velocity to iron
Table 3. Correlation between tomographic observables and
thermo-chemical parametersa
Layer d ln VS d ln VΦ d ln ρ
670–1200 km dT −0.564 0.420 −0.524
dXpv −0.033 0.907 0.114
dFe 0.104 0.790 0.716
1200–2000 km dT −0.701 0.089 −0.790
dXpv −0.332 0.889 −0.281
dFe −0.135 0.432 0.898
2000–2891 km dT −0.302 −0.102 −0.863
dXpv −0.792 0.933 0.277
dFe −0.524 0.604 0.942
aCorrelations are computed for mean values, on the original grid 15◦ × 15◦.
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(Fig. 4a, light grey area) are negative throughout the lower mantle, this excess in iron
results in low VS -anomalies and could erroneously be interpreted as a temperature
increase.
6 THERMO-CHEMICAL STRUCTURE: GEODYNAMICAL
CONSEQUENCES
6.1 Observed variations of density
Trampert et al. (2004) clearly demonstrated that strong lateral variations of composi-
tion are present throughout the lowermostmantle. It is crucial, from a dynamical point
of view, to separate and compare chemical (d ln ρc) and thermal (d ln ρT ) contributions
to the density anomalies. At each model point, we randomly sampled the anomalies
of temperature and composition (perovskite and iron) within their Gaussian distri-
butions. We similarly sampled the sensitivities of density and generated 20 million
models of d ln ρT and d ln ρc density. Figure 7 shows the average maps of d ln ρT
and d ln ρc in each layer. Again, uncertainties (defined as one standard deviation) are
remarkably homogeneous within each layer (RMS of these uncertainties are given in
Table 2).
In the bottom layer, d ln ρT is small, and varies between−0.31 and 0.44% (Fig. 7c).
As previously noted, the small values of d ln ρT are due to the decrease of the thermal
expansion at great depths (Fig. 4c, dashed area). In comparison, d ln ρc are on average
twice as large (Fig. 7f), and vary between −0.71% and 0.95%. Due to the small
values of the sensitivity of density to perovskite (Fig. 4c, light grey area), variations
in perovskite contribute less than 10% to the total d ln ρc. The chemical density
anomalies are therefore dominated by iron anomalies, as also suggested by the high
correlation between the relative density anomalies and the iron anomalies (Table 3).
Excess in iron increases the density up to 1.0%, the largest anomalies being observed
beneath Africa and the Pacific. Since thermal density anomalies in these regions
are of the order of 0.2%, the material is not buoyant. Power spectra of d ln ρT and
d ln ρc reveal that each degree of the spherical harmonic expansion is dominated by
chemical density anomalies (Fig. 8c). Moreover, most of the chemical and thermal
signals are contained in degree 2. Degrees 4 and 6 are weaker than degree 2 by a
factor 4.
Although weaker than in the bottom layer, the chemical density anomalies in the
intermediate layer (1200 ≤ z ≤ 2000 km) are of the same order as the thermal density
anomalies, and are dominated by degree 2. In general, this layer has small anomalies
of temperature and composition.
Thermal and chemical buoyancies become stronger at the top of the lower mantle
(670 ≤ z ≤ 1200 km). d ln ρT varies between−0.64% and 0.57%, and is stronger, on
average, than in the bottom layer. Degree 2 is slightly stronger than in the lowermost
layer, but, interestingly, there is more power in the degree 4 than in the degree 2
(Fig. 8a). d ln ρc is not as strong as in the lowermost layer, but still varies between
−0.80% and 0.67%. Most of the difference in amplitude is due to the degree 2, which


















Figure 7. Thermal (a–c) and chemical (d–f) contributions to the relative anomalies of density in the lower
mantle. The lower mantle is parameterized in three layers, from top to bottom 670 ≤ z ≤ 1200 km,
1200 ≤ z ≤ 2000 km, and 2000 ≤ z ≤ 2891 km.
is half of that the bottom layer. Note that the anomalies of perovskite now make up
30% of the total d ln ρc.
6.2 Comparison with thermo-chemical convection
The numerical models of convection we used are defined on Cartesian grids (see
Section 2) and can therefore be transferred to the Fourier domain. To compare them
with global tomographic models, which are expanded in spherical harmonics, one
must carefully compute the power spectra for each expansion. We did this using a
method developed by Chevrot et al. (1998). From the convection models, we first
performed a Fourier transform of the d ln ρT and d ln ρc at each depth, and computed
the signal contained in each wave number k =
√
k2x + k2y , where kx and ky are the
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Figure 8. Power spectra of thermal (blue histograms) and chemical (red histograms) density anomalies
predicted by probabilistic tomography model RT246g (Trampert et al., 2004) for degrees 2, 4 and 6. Each
histogram covers one standard deviation around the mean value of the power.
wave numbers along the x- and y-axis. The signal contained in the spherical harmonic
degree  is equal to the sum of the signals contained in the wave numbers k that satisfy




y ( + 1/2)
∑
(+1/2)≤ ka≤ (+3/2)
|d ln ρ(k)|2, (8)
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where a is the Earth’s radius, and Nx and Ny the number of grid points in x and
y directions. The tomographic model RT246g represents the lower mantle in three
layers, and contains spherical harmonic degrees 2, 4 and 6 only, whereas the numerical
models of Tackley (2002) sample the lower mantle with 50 points, and contains signal
up to degree 32. To make meaningful comparisons, we averaged the synthetic d ln ρT
and d ln ρc (Eqs. 4–5) in comparable layers as defined by RT246g, and filtered them
for spherical harmonic degrees 2, 4 and 6.
The RMS of d ln ρT and d ln ρc from seismology and convectionmodels are plotted
in Figure 9. All the numerical models we considered predicted the RMS of d ln ρT
and d ln ρc that fitted within one standard deviation of the observed RMS. The best fit
is obtained for B = 0.2, X = 10%. In the intermediate layer, the RMS of d ln ρc for
the cases B = 0.3, X = 10%, and B = 0.4, X = 10% are close to the observed lower
bound, but cannot be excluded.Analysis of the RMS is therefore not a conclusive test,
at least with the current depth parameterization of probabilistic seismic tomography.
Models with finer parameterization will certainly provide a better test, but are not
yet available. Clearer conclusions can be drawn from comparing the power spectra
of observed and synthetic distributions (Fig. 10). In case of a stable layer of dense
material (B = 0.3, X = 30%, green histograms), the strongest chemical density
anomalies are found between the intermediate and lower layers (Fig. 1d). As a result,
spectra of d ln ρc in the bottom and intermediate layers are similar one another, which
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Figure 9. RMS of relative density anomalies due to (a) thermal and (b) compositional effects. The thin
dashed curve represents the RMS of the average observedmodels (Fig. 7), and the thick curves represent de
RMS of the models with one standard deviation around these models. Colored curves represent the RMS
predicted by 3-D Cartesian numerical models of thermo-chemical convection (Tackley, 2002) with several
buoyancy ratio (B) and volumetric fraction of dense material (X ). Density anomalies from numerical
models of convection are filtered for degrees 2, 4, and 6.
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Figure 10. Power spectra of thermal and chemical contributions to the density anomalies derived from
numerical models of thermo-chemical convection (Tackley, 1998, 2002), for degrees 2, 4 and 6, and for
several buoyancy ratio (B) and volumetric fraction of dense material (C). Because numerical models are
defined on a 3-D Cartesian grid, we used the method of Chevrot et al. (1998) to compute their spherical
harmonic coefficients (see text). For comparison, the white rectangles cover one standard deviation around
the means of the observed power (see Fig. 8).
layer, and too much in the intermediate layer. This case also fails to explain the
observed power spectrum of d ln ρT and d ln ρc in the upper layer, and the degree 2
of d ln ρT in the intermediate layer. The thin stable layer (B = 0.4, X = 10%, blue
histograms) and discontinuous spoke pattern (B = 0.3, X = 10%, red histograms)
show strong lateral variations of temperature and composition below 2000 km, but
not at shallower depths. They explain the observed power spectra in the bottom layer,
but not in the intermediate (except the degree 2 of d ln ρT ) and top layers. Finally,
the case B = 0.2, X = 10% (orange histograms) explains most of the power spectra
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of d ln ρc, at least within two standard deviations (95% certainty). It fits d ln ρT less
well, most of the discrepancies being due to the degree 2 in the intermediate layer,
and to the degree 4 in the top layer.
The previous comparisons suggest that the model with B = 0.2 gives the best
agreement to the observed density anomalies. As an additional test, we estimated the
global buoyancy ratio associatedwith the observed d ln ρT and d ln ρc. We considered
that the iron fraction of the regular material is equal to 11%, and that the dense
material is enriched in iron by 2.0–2.5%, as reported in Section 5. If the mantle
aggregate consists in 80% perovskite and 20% magnesio-wüstite, the density and
thermal expansion at the surface are ρs = 4240 kg/m3 and αs = 2 × 10−5 K−1, and
the chemical density contrast due to the enrichment in iron varies between ρmaxc =
40 kg/m3 and ρmaxc = 49 kg/m3 (Deschamps and Trampert, 2004). Taking Ts =
2500 K, the thermal density contrast is ρmaxT = 213 kg/m3, and the buoyancy ratio
varies between B = 0.19 and B = 0.23.
7 DISCUSSION
The low shear wave velocities observed in the deep mantle below Africa and the
Pacific are fully explained by long wavelength lateral variations of composition. Iron
increases are responsible for strong (up to 1%) anomalies of density, and variations
in perovskite are significant (up to 9%) and explain bulk-sound velocity very well.
The comparisons performed in the previous section, however, suggest that these vari-
ations are not large enough to maintain a stable chemical layering. If a dense layer
is present it must be unstable, i.e., the domes or piles of dense material are gener-
ated in the bottom of the mantle and oscillate or are entrained upwards. The current
parameterization of probabilistic seismic tomography, however, cannot resolve these
structures.
A question that is not addressed in this paper is the origin of the compositional
variations.We easily identify three different scenarios. First, early differentiationmay
have created a dense layer at the bottom of the mantle. Because the buoyancy ratio
is not large enough (B < 0.3), this layer is unstable, and the material is entrained
upwards. A major disadvantage of this scenario is that the layer must have been
rapidly entrained andmixed in themantle, unless it is regularly fed with newmaterial.
Gonnerman et al. (2002) showed that even if the initial layer is stable, entrainment
of material would progressively decrease the density contrast and lead to a present
unstable layer. Second, slabs may penetrate in the lower mantle and reach the CMB,
where they sediment in pools (e.g., Christensen and Hofmann, 1994). Again, the
density contrast and quantity of sinking material should not be too large to allow the
development of instabilities. Slabs could temporarily stack in the mid-mantle, and
reach the bottom of the mantle in occasional avalanches (Tackley et al., 1994). There
are indeed some indications from classical tomography that significant amounts of
slabs are deflected in the top of the lower mantle, around 1000 km (Fukao et al.,
2001). The variations of temperature and composition (mainly perovskite) observed
by probabilistic tomography at the top of the lower mantle could also be due to
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deflected slabs. Finally, iron excess may result from percolation from the core (e.g.,
Knittle and Jeanloz, 1991). A recent study (Humayun et al., 2004) suggests that
the lower mantle beneath Hawaii is enriched in iron by 1–2%. Interestingly, the
largest iron anomalies we found are close to 2%, and are located beneath Hawaii
(Fig. 6i). The actual influence of iron percolation from the core remains however
difficult to estimate. These scenarios are end-members, and a mix of them is more
likely required to describe the Earth’s mantle. Discriminating between the previous
scenarios (or a mix of them) is not possible from the results presented in this paper
only, but needs to integrate other types of information, in particular geochemical
constraints.
The thermo-chemical distributions from convection we have tested are snapshots
of time-dependent calculations, which do not necessarily correspond to the present
state of the mantle. A full comparison requires to test series of snapshots at dif-
ferent times. For B = 0.3, X = 30%, the layer of dense material remains stable
for a long period of time (3 Gy), with similar spectral signature. The spokes pat-
tern (B = 0.3, X = 10%) and thin dense layer (B = 0.4, X = 10%) modes are
also stable over long periods of time (5 Gy and more). For B = 0.2, X = 10%,
mature piles (such as those plotted in Fig. 1) develop in about 200 My. Once they are
formed, piles feed the mantle with dense material until the fluid is chemically homo-
geneous. Spectral signatures for early stages do not explain the observation as well as
mature piles.
Hotspots are amajor ingredient of mantle dynamics, but their origin is still debated.
Recent tomographic studies (Zhao, 2001, 2004; Montelli et al., 2004) image hotspot
tails down to various depths. Several hotspots, including Hawaii, seem to originate
in the lowermost mantle, close to the CMB. The resolution of RT246g does not
allow detailed inferences on the origin of hotspots, but maps of density anomalies
(Fig. 3g–i) clearly show that deep-rooted hotspots, as defined by and Courtillot et al.
(2003) and Montelli et al. (2004), do not systematically plot continuously on buoy-
ant material throughout the lower mantle. Within error bars in density anomalies,
only one third of these deep hotspots correlate with negative density anomalies in
the lowermost mantle, and only two (Iceland and Azores) plot on buoyant material
throughout the mantle. It is important to keep in mind that Zhao (2001, 2004) and
Montelli et al. (2004) map compressional seismic velocity anomalies only, but not
density. Neglecting compositional variations, they assume that the seismic velocity
anomalies are purely thermal in origin, i.e., that low velocity regions are related to
hot, hence buoyant material. As shown in this chapter and elsewhere (Trampert et al.,
2004), chemically dense material dominates thermal buoyancy in the lower mantle,
and still results in low velocities. For instance, in the lowermost mantle, the Hawaiian
region is associated with dense, non-buoyant material (Fig. 3i) and low shear-wave
velocities (Fig. 3c).
The thermo-chemical structure we inferred is based on a parameterization of com-
position that consists in perovskite and iron variations. Recent developments in
mineral physics, which are not accounted for in this study, may complicate the
interpretation of seismic information, and modify our inferences. Murakami et al.
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(2004) reported a new phase transition from perovskite to post-perovskite around
2700 km. We did preliminary tests using available thermo-elastic data for post-
perovskite (Tsuchiya et al., 2004a,b), but we did not find any dramatic differences
compared to the sensitivities plotted in Figure 4. The biggest change is for the
sensitivities of density to perovskite, which are positive from the depth of the
transition down to the CMB. The amplitudes of the sensitivities, however, remain
small. Thus, the phase transition to post-perovskite should not dramatically mod-
ify the thermo-chemical structure inferred from probabilistic tomography. Still, it
may have significant consequences on the lower mantle dynamics (Nakagawa and
Tackley, 2005). Interestingly, the large value of its Clapeyron slope (around 8–
10 MPa/K) could explain the good correlation (equal to 0.7) between the observed
thermal and compositional contributions to density at the bottom of the mantle,
which is not predicted by the models of thermo-chemical convection we used. In
cold regions (e.g., slabs) perovskite may transform to post-perovskite at shallower
depths than in hot regions (if they transform at all before the CMB). In addi-
tion, there are indications that Fe-perovskite may transform at shallower depths
than Mg-perovskite (Spera et al., 2006). In that case, the chemically dense and
cold regions observed in the lowermost mantle would correspond to iron-rich
post-perovskite.
Due to heavy computational requirements, the vertical parmeterization of RT246g
is limited to three layers in the lower mantle, which reduces the effects of a post-
perovskite phase on this study. Further, averaging models of thermo-chemical con-
vection in these layers, we lose important information (compare Figs. 2b and 2d
against Fig. 9). Acareful statistical analysis, however, allows robust conclusions con-
cerning the lowermantle structure.A thick stable layer of densematerial, for instance,
implies that the chemical signatures in the mid-mantle (1200 ≤ z ≤ 2000 km) and in
the lowermost mantle (2000 ≤ z ≤ 2891 km) are comparable. On the contrary, a thin
stable layer would result in no notable chemical signal down to 2000 km. Since none
of these features fit within the observed error bars (Fig. 10), a stable layer of dense
material is unlikely to be present at the bottom of the mantle. Probabilistic models
of seismic tomography with a better vertical parameterization should be available
in the near future by performing more efficient parallel calculations. A more seri-
ous problem is that RT246g does not include odd degrees, which potentially contain
important information. Including odd spherical harmonic degrees is a difficult task
because normal mode splitting cannot access these degrees very easily. A last point
is that a finer lateral resolution, including degrees higher than 6, is not so essential
to correctly understand the lower mantle. The power spectrum of relative density
anomalies predicted by models of thermo-chemical convection strongly decreases
for degrees higher than 7, as shown in Figure 11 for the case B = 0.2 and X = 10%.
The power spectra for other models of thermo-chemical convection (not shown here),
have a similar decrease. If mantle convection is similar to one of these models, we
would expect that degrees higher than 7 are weak, and do not significantly participate
to the nature of tomographicmodels. This is confirmed by recent tomographicmodels
(Gu et al., 2001).
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Figure 11. Power spectrum of thermal (blue curves) and chemical (red curves) contributions to the density
anomalies predicted by a 3-D Cartesian numerical model of thermo-chemical convection (Tackley, 2002)
with buoyancy ratio B = 0.2, and volumetric fraction of dense material X = 10%. The power in each
spherical harmonic degree is calculated following Chevrot et al. (1998). Degrees  = 1–10 are represented,
and the signal is averaged within each layer defined by the probabilistic model of seismic tomography
RT246g.
8 CONCLUSION
Our viewofmantle structure and dynamics has rapidly changed during the last decade.
A strong indication of dense material (Ishii and Tromp, 1999) or chemical variations
in the lower mantle (Forte and Mitrovica, 2001; Saltzer et al., 2001) has now turned
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to robust quantitative estimates of the variations of temperature and composition
(Trampert et al., 2004). Chemical heterogeneities are clearly present throughout the
mantle. In the top layer (670 ≤ z ≤ 1200 km), thermal and chemical signatures could
be related to slab deflection. In the lowermost mantle (2000 ≤ z ≤ 2891 km) strong
anomalies of iron, whose origin is still to be determined, are present in regions usually
referred to as “superplumes”. From a geodynamical point of view, the presence of
lateral variations of composition is observed in recentmodels of thermo-chemical con-
vection, which now account for fluid compressibility. Robust comparisons between
geophysical observations, mainly seismology, and geodynamical models can now be
attempted in order to discriminate between certain modes of convection in the man-
tle. Preliminary results discussed in this chapter indicate that a stable layer of dense
material is unlikely to be present at the bottom of the mantle. Piles of dense mate-
rial entrained upwards from a dense, unstable layer statistically explain probabilistic
tomography better, but discrepancies remain in the top of the lower mantle, possi-
bly linked to the phase transformation around 670 km and/or slabs deflection around
1000 km. Future researches should focus on estimating the influence of recentmineral
physics findings on lower mantle seismic velocity and density, exploring and testing
scenarios that can produce strong lateral variations of iron at the bottom of the mantle,
computing probabilistic models of tomography with finer vertical parameterization,
and testing models of thermo-chemical convection that include more complexities,
such as a phase transformation at 670 km, or the post-perovskite phase transition in
the lowermost mantle.
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